ABSTRACT: The 30 and 44 GHz Back End Modules (BEM) for the Planck Low Frequency Instrument are broadband receivers (20% relative bandwidth) working at room temperature. The signals coming from the Front End Module are amplified, band pass filtered and finally converted to DC by a detector diode. Each receiver has two identical branches following the differential scheme of the Planck radiometers. The BEM design is based on MMIC Low Noise Amplifiers using GaAs P-HEMT devices, microstrip filters and Schottky diode detectors. Their manufacturing development has included elegant breadboard prototypes and finally qualification and flight model units. Electrical, mechanical and environmental tests were carried out for the characterization and verification of the manufactured BEMs. A description of the 30 and 44 GHz Back End Modules of Planck-LFI radiometers is given, with details of the tests done to determine their electrical and environmental performances. The electrical performances of the 30 and 44 GHz Back End Modules: frequency response, effective bandwidth, equivalent noise temperature, 1/f noise and linearity are presented.
Introduction
The Low Frequency Instrument (LFI) is one of the two instruments of the ESA Planck satellite. The objective of the satellite is to achieve precision maps of the Cosmic Microwave Background with a very good sensitivity to observe sky temperature anisotropies [1] . LFI contains very high sensitive receivers based on cryogenic radiometers with their Front-End Modules (FEM) operating at 20 K [2] . LFI covers three adjacent frequency bands centred at 30, 44 and 70 GHz, with a fractional bandwidth of 20%, and uses cryogenic very low noise amplifiers with Indium Phosphide (InP) High Electron Mobility Transistors (HEMT) in the FEM. The Front-End Modules are physically and thermally separated from the Back-End Modules by over a meter of copper and stainless steel rectangular waveguide. The signals originating in the FEM are then further amplified and finally detected in the BEM that operate at 300 K.
Planck-LFI radiometers are based on a differential scheme [3] , [4] , [5] , shown in Figure 1 . Signals from the sky and from a 4 K reference load are combined using a (180 • ) hybrid. Both signals are amplified by Low Noise Amplifiers (LNA) in the Front-End Module. Two identical phase switches introduce a differential (180 • ) phase shift in one branch with relation to the other. The second (180 • ) hybrid delivers a signal proportional to sky temperature in one output, and a signal proportional to the reference load temperature in the other.
The balanced structure of the FEM permits to obtain two signals, sky and reference, contaminated by the same amount of noise because both have passed through the same LNA and phase switches. By differencing signals across the two outputs using post-processing, the noise can be cancelled. Phase switching at 4 kHz is done also to remove the 1/f noise of the BEM, because it does not have a balanced structure like the FEM. This BEM noise is noticeable at low frequencies, at some hundreds of Hz. Noise cancellation can only be perfect if the two FEM branches are identical and the balance is perfect as well. In practice a little unbalance is tolerated and it was tested as a leakage from one input to the theoretically isolated output.
Next sections describe in detail the 30 and 44 GHz BEM units of Planck-LFI, from their design principles and individual subsystems performance, to the final Flight Model units which are integrated in the Planck satellite. Prototype and Elegant Breadboard units are presented and described showing their main characteristics. Electrical and environmental tests have been performed in all the Qualification and Flight Model units delivered to the Planck satellite Project System Team.
Design of the Back-End Modules
In this section, we will describe all the fundamentals of each RF component designed and their individual performance before integration.
Low Noise Amplifiers
Each Low Noise Amplifier (LNA) consists of two cascaded amplifiers in order to have enough gain and to provide a signal in the square law region of the diode detector. Monolithic Microwave Integrated Circuits (MMIC) on GaAs technology have been chosen at 30 and 44 GHz. The MMIC at Ka-band are commercial circuits, model HMC263 from Hittite. They have four stages of Pseudomorphic-High Electron Mobility Transistors (PHEMT), with an operating bandwidth from 24 GHz to 36 GHz, and offer 23 dB of gain and 3 dB of noise figure from a self-biasing supply of +3 Volt, 52 mA. A picture of the MMIC at Ka-band, its noise figure, gain and input and output return loss are shown in Figure 2 . At Q-band two custom designed MMICs have been assembled [6] . They have been manufactured with the process ED02AH from OMMIC, which employs a 0.2 µm gate length PHEMT on GaAs. The first MMIC has four stages of depletion mode transistors (Normally ON: N-ON) with gate widths of 4x15 µm and 6x15 µm, shown in Figure 3 (a) . The second MMIC, in Figure 3 (b), has four-stages of enhancement mode transistors (Normally-OFF: N-OFF) with gate widths of 6x15 µm. The N-ON LNA preceding the N-OFF, was found to be the best in terms of input and output matching and noise performance. The main requirements of the two LNAs are to provide low noise and low power consumption with enough gain. Using as first amplifier an LNA, based on N-ON PHEMT transistors, a good noise performance was obtained with a power consumption of only 90 mW . The second LNA, with N-OFF PHEMT transistors, was added to increase the gain with a very low impact in the noise figure and a very low power consumption of 32 mW . All the circuits were measured on wafer using a coplanar probe station. Noise figure, return loss and associated gain for the Q-band depletion and enhancement transistor LNAs are plotted in Figure 4 .
Band Pass Filters
A band pass filter was used to define an effective bandwidth of 20% and to reject undesired signals out of the band of interest. Low bandpass losses, more than 10 dB out of band losses and small size were considered the main objectives to fulfil. The filter was based on microstrip coupled line structure that was chosen because it provides inherently good band pass characteristics. The design is a three-order Chebyshev resonator filter. Electrical models of coupled lines and an electromagnetic simulator was used in the design phase. The design method was based on the classic prototype filter tables provided by [7] , but a design methodology has been developed to achieve a predictable frequency response in microstrip filters using commercial CAD software. After a careful evaluation of the validity of the CAD models, comparing simulated and accurately measured results, the design was restricted to microstrip elements than could be well characterized [8] . The selection of the substrate became critical due to the gaps and widths of the microstrip lines because it sets the line-etching precision required and the minimum losses achievable. Microstrip lines were made on Duroid 6002 substrate with 10 mils thickness and dielectric constant of 2.92. Several units of microstrip band pass filters were fabricated and tested. Typical test results for the 30 GHz filter are insertion losses lower than 0.84 dB in the band, and for the 44 GHz filter, insertion losses better than 1.5 dB and return losses better than 10 dB across the operating bandwidth. A photograph of a 30 GHz filter is shown in Figure 5 . The response of the filters when they have been measured with coplanar to microstrip transitions using a coplanar probe station is depicted in Figure 6 .
Diode Detectors
The diode for the detector was a GaAs planar doped barrier Schottky diode. The specific model chosen was a zero-bias beam-lead diode HSCH-9161 from Agilent Technologies. This diode has suitable characteristics to be used at microwave frequencies. Among the main specifications in the detector design are the input matching, the sensitivity and the tangential sensitivity. The diode equivalent circuit is not a good match to 50 Ohm, so it was necessary to synthesize a network that would transform it to something close with an input matching network. Thus the detector is composed of a hybrid reactive/passive matching network, and the Schottky diode. Both detectors, for 30 GHz and 44 GHz, were mounted with a coplanar-to-microstrip transition to make on-wafer tests as a previous step to the BEM integration. The practical implementation is performed with transmission lines printed on a standard dielectric substrate, Alumina with 10 mils thickness and dielectric constant of 9.9. A view of the detectors is shown in Figure 7 . The output voltage sensitivity has been measured at 30 GHz for the Ka band detector and it is shown in Figure 8 (a). Figure  8 (b) depicts the rectification efficiency of the Q-band detector at the frequency of 44 GHz for −30 dBm of input power.
DC Amplifier
The detector diode output is connected to a low noise DC-amplifier, with an adequate voltage gain to have the required detected signal level for the data acquisition electronic module. A schematic of the DC-amplifier is shown in Figure 9 . The first stage has an OP27 precision operational amplifier that combines low offset and drift characteristics and low noise, making it ideal for precision instrumentation applications and accurate amplification of a low-level signal. A second balanced stage, implemented with an OP200, provides a balanced and bipolar output. DC amplifier total power consumption with a high impedance load is 37 mW .
The amplifier gain is given by the ratio between the differential output voltage V out , and V in (input voltage from the detector), where V out is given by:
The detector resistive load is R 1 + R 2 . In order not to affect the detector RF response, the condition R 1 + R 2 ≥ 50 kOhm was fulfilled.
Since the phase switch frequency rate in the receiver is 4096 Hz, the output signal has to provide a video bandwidth of at least 50 kHz, which means that the output signal contains more than ten harmonics in order not to degrade the information. The DC amplifier measured gainbandwidth product was 5.7 MHz. This operational amplifier gain bandwidth product has been taken into account, and the maximum achievable balanced gain without loosing output bandwidth was 100. A voltage gain of 50 is due to the OP27 and a further of 2 due to unbalanced to balanced conversion of the OP200 with unit individual gain. Another constraint of this DC amplifier is to provide an output voltage in a window between 0.2 Volt and 0.8 Volt, where the data acquisition electronics (DAE) works properly. The designed DC amplifier was adjusted for each channel, taking into account small RF gain differences, in order to have the output DC voltage inside the window and to achieve the output bandwidth requirement. The resulting bandwidth was 163 kHz. Figure 10 shows the DC amplifier measured low-frequency noise referred to the amplifier input. The white noise voltage level is 8 nV / √ Hz (= −162 dBV / √ Hz), and the flicker noise kneefrequency, defined as the point where the noise voltage is √ 2 times the white noise voltage, is 2.8 Hz. 
Manufacturing

Elegant breadboard prototype
The objective of the Elegant Breadboard (EBB) prototypes was to experimentally demonstrate the radiometer concept, by integrating a fully representative unit in the laboratory. An EBB demonstrator must have the same electrical functionality as the final flight unit. The internal architecture, electrical scheme, and the electronic components were the same as for flight. The electronics components do not need to be space qualified. The size and weight of the EBB demonstrator can be different from the flight unit. To make easier the integration with the EBB of the Front End Module, the EBB version of the 30 and 44 GHz BEM included only one branch. In fact the EBB version is a quarter of one full BEM. Figure 11 shows a photograph of one EBB at 30 GHz. This EBB branch contains a Low Noise Amplifier (LNA), a Band Pass Filter (BPF), a Schottky diode detector (DET) and a low frequency amplifier (DC Amp). The central frequency is 30 GHz and the nominal fractional bandwidth is 20%. Figure 12 shows two EBB BEM units connected to the Prototype Demonstrator (PD) FEM in the laboratory at Jodrell Bank Observatory.
The first functional element of each BEM is a waveguide-to-microstrip transition that was designed using a ridge waveguide [9] . The input waveguide flange is WR-28 for the 30 GHz BEM and WR-22 for the 44 GHz BEM. The transition is a four sections stepped ridge waveguide to microstrip line transition which provides a broadband performance. This transition has been chosen for its broad bandwidth, low insertion loss, and repeatable performance. Figure 13 shows the experimental results of back to back rectangular waveguide to microstrip transitions using ridge waveguide transformer. Microstrip line losses are included in the result. The length of microstrip 50 Ohm line, on Alumina substrate 10 mils thickness, was 10 mm in both units (Ka band and Q band). The estimated insertion loss of one single ridge waveguide transition is lower than 0.2 dB. 
Qualification and Flight Model units
The final BEM mechanical configuration for the Qualification Model and Flight Model has four RF branches, providing signal amplification and detection for two complete radiometers. Mechanical design had been carried out by Mier Comunicaciones S.A. within an allowed envelope of 70 x 60 x 39 mm 3 including all the RF and DC circuitry. Mass is 305 g for 30 GHz BEM and 278 g for the 44 GHz BEM. Figure 14 shows the external view of the BEM. Internally there are 5 different levels of PCB circuits, from top to bottom, as follows: 
Electrical characterization tests
A set of basic tests were performed at three different temperatures in the range of possible operating temperature; T low (−25 • C), T nom (26 • C) and T high (48 • C), to verify proper operation of the FM BackEnd Modules and fulfillment of the specified electrical requirements. They were assembled and tested in a clean room equipped with a vacuum chamber which enables us to achieve low pressure levels and to vary the base plate and shroud temperature within the acceptance ranges. The principal tests performed were frequency response, equivalent noise temperature, stability and linearity. Test equipment available included vector network analyzers, swept frequency sources, noise sources and low frequency spectrum analyzers.
Frequency response and effective bandwidth
The frequency response (RF to DC) measurements were done injecting a CW small signal into the waveguide input, for a constant power level. The level of the signal was set to yield a readily measurable response, but not so large as to cause non-linear effects. This test was needed in order to know the bandpass response. It was measured stepping the synthesizer source through 201 frequencies and recording the output voltage for each frequency, with the RF output of the synthesized enabled and disabled. Figure 18 shows the RF to DC response for the flight model BEMs at 30 GHz and 44 GHz.
The measured results obtained for the RF to DC response are used to calculate the effective bandwidth. The effective bandwidth is defined according to next expresion.
G( f ) is the RF power gain of the BEM, including the RF detector response. This G( f ) gain is obtained by RF to DC response test. This test is performed with a microwave sweep generator providing a constant input power versus frequency, so the effective bandwidth can be calculated as (4.2), using only the output voltage values taken at discrete frequencies.
where N is the number of frequency points, ∆ f is the frequency step, V out (i) the DC output voltage at each frequency and V outo f f is the DC output voltage when the sweep generator is off. V outo f f is typically about 25 mV for the 30 GHz BEM and lower values for the 44 GHz BEM. Table 1 shows the values of the effective bandwidth for each flight model BEM at three different temperatures in the range of possible operating temperature. 
Equivalent noise temperature
A method has been developed to achieve an accurate and unique equivalent noise temperature of the whole receiver. This method takes into account commercial noise sources, which have not a flat Excess Noise Ratio (ENR) versus frequency in millimetre-wave range, and RF to DC receiver performance along the band. Because the hot temperature of the used noise source and the BEM RF gain show variations across the operating bandwidth, the next expression was used to obtain the global equivalent temperature (T rec ) [10] :
Where T h and T c are the hot and cold temperature of the noise source, Y is the noise Y − f actor, and V det is the detected voltage at each frequency when a CW signal, with a constant power sufficiently above white noise level, is applied at the BEM input. The Y − f actor is given by:
Where V det | h and V det | c are the receiver output voltages when two known source temperatures, hot and cold loads, are connected at the BEM input. The Y − f actor was tested with a cold load and a hot load using a commercial noise source Q347B from Agilent. The equivalent noise temperature as a total power radiometer was slightly worse than on wafer measured noise figure of a naked MMIC due mainly to losses in the waveguide to microstrip transition and to the readjustment of the bias point to decrease the ripple in the operating band, trading off noise temperature and effective bandwidth. This noise temperature has minimum impact on the global radiometer performance due to the high gain of the FEM. Table 2 shows the values of the equivalent noise temperature for each flight model BEM at three different temperatures in the range of possible operating temperature. The large variability of the equivalent noise temperature of 44 GHz BEM units was due to their large dependence on the input matching network result, which was observed to be a very critical parameter, not easy to control during the assembly process of MMIC. 
Stability: 1/f noise
The raw measurements of the output spectrum are used for the determination of the 1/f knee frequency. First, the output spectrum data are handled in a logarithmic scale in frequency. This way, it is possible to plot the spectral noise density composed by a white noise constant value, at high frequencies, plus the contribution of the 1/f noise at low frequencies. According to the definition, the 1/f noise knee frequency is the frequency at which the noise voltage spectrum density is at a level of √ 2 of the white noise voltage spectrum density level, for instance in V rms/sqrt(Hz). Using power density instead of voltage density then the level is 3 dB above the white noise level (for instance in a scale of dBm/Hz).
The BEM low frequency power spectrum was characterized with a Hewlett Packard Vector Signal Analyzer HP81490A when a wave-guide matched load is connected to the input. The test was done at three temperatures: nominal (299 K), low (273 K) and high (326 K). The 1/f knee frequency was below 400 Hz in all BEM units, much lower than the phase switching of the FEM (4096 Hz), so gain fluctuations of the back-end module did not impact on the global performance of the radiometer. The dominant 1/f noise source is attributed to the Schottky diode detector, since it refers directly to the diode current. The 1/f noise spectrum of each LNA alone was tested and the knee-frequency was about 13 Hz for the N-ON LNA and about 15 Hz for the N-OFF LNA. These results make evident that diode detector is mainly responsible for the knee-frequency of the BEM. The results for the four channels of a 30 GHz BEM FM unit are given in Table 3 . Figure 19 shows a typical noise spectrum of a flight model BEM at 30 GHz. 
Linearity
The detected voltage versus input power was measured in order to get the BEM dynamic range. A HP83650B generator was used as CW source. Results for the 44 GHz QM representative BEM are depicted in Figure 20 (solid line) for a 40.3 GHz CW signal input. In order to use a more realistic input signal, a wide band noise stimulus was used to measure the BEM sensitivity. This noise was obtained from a broadband white noise source, Q347B from Agilent, accordingly filtered and amplified by another 44 GHz BEM branch with only the radiofrequency chain (detector and DC amplifier not included). Results are also plotted in Figure 20 (circles). Taking into account the FEM gain and noise temperature, the BEM is always working under compression regime. The BEM non-linearity is a combination of the second MMIC LNA gain compression and the nonlinearity of the diode detector. Given the dynamic range and the compression response of the BEM, it is not possible to identify the 1 dB compression point. Due to this compression effect, measured signal must be converted using the calibration curves, according to the procedures described in detail in in [11] .
Results of compression for channel A of a FM unit at 44 GHz are shown in Figure 21 . The test was done at three temperatures: nominal, high and low. 
Verification tests
Vibration and thermal vacuum
Comprehensive vibration tests were performed, at different planes and frequency profiles, from 5 Hz to 2000 Hz. The sequence applied in the QM BEM unit test was the following one for each axis: Low sine vibration, sine vibration, random vibration and low sine vibration surveys. The low level sinusoidal vibration surveys were conducted per each axis, prior and after performing sinusoidal and random vibration, at a sweep of 2 oct/min and an acceleration of 0.5 g, in the range 5-2000 Hz, only one sweep per run. The sinusoidal vibration test consisted of a single sweep per axis, at a rate of 2 oct/min. In all vibration tests the BEM units were not operating.
The units were tested in 3 mutually perpendicular axes, 2 of them parallel to the base plate and the third one perpendicular to it. Figure 22 shows the axes orientation with relation to the BEM unit.
As the specified vibration levels were defined with relation to the spacecraft axis system, a stiff fixture providing the right inclination for the BEM units was envisaged in order to match to the shaker axis. The BEM units were hard mounted on the fixture. This fixture guaranteed that the major modes of the BEM were not modified, in the sense that frequency shifts were below 5% for lower frequency modes. The units were tested at the environmental temperature expected during satellite launch. A view of one BEM unit mounted on the shaker is in Figure 23 . For the FM units the acceptance sinusoidal vibration test consisted of a single sweep per axis, at a rate of 4 oct/min. The acceptance levels applied in this test are indicated in Table 4 . The acceptance random vibration test was done according to the levels and durations presented in Table  5 .
The proper BEM performance, after the vibration of each unit, was checked by post-dynamic performance verification tests. These checks were performed by measuring a small number of indicative requirements of the BEM, like power consumption, in order to be sure that the unit was still alive and performing well. The electrical behaviour, in terms of noise and RF to DC conversion, did not change after vibration and thermal vacuum tests. The tested deviations were within the range of the test equipment measurement accuracy.
Thermal vacuum tests for BEM flight units were done basically by six thermal cycles, with a total duration of about 25 hours, between −35 • C and +55 • C. The thermal profile is depicted in Figure 24 . During thermal cycling, a set of Reduced Performance Tests (RPT) have been performed. As in the vibration tests, after thermal vacuum test the survival condition and functionality of each unit was checked.
Each unit in turn was screwed to the base plate of the vacuum chamber and low thermal resistance ensured by thermal silcone compound. Temperature cycling in the acceptance range was thus achieved by changing the base plate temperature. The DC feedthroughs of the chamber were connected to the BEM, in order to have available the DC power lines outside the chamber. Output channel signals and DC consumption were continuously monitored by the Agilent 34970A Data Logger with the 34901A switching unit.
As it is shown in Figure 25 , the BEM waveguide inputs were left open. In order to avoid the detection of any noise signal, an aluminium wall, covered with a layer of microwave absorber, has been located at a distance of 2.5 cm from the BEM.
Electromagnetic compatibility
Very strict EMC tests were performed on BEM units, according to specifications. Both conducted and radiated emission and susceptibility tests were made. Interfering signals covering the range from 30 Hz to 18 GHz depending on the individual test were used. Radiated tests included electric and magnetic fields emission and susceptibility. In the case of conducted EMC tests the emission and the susceptibility were tested through the power supply lines ± 5 Volt. The most difficult test to fulfil was the conducted susceptibility, because the BEM units do not have DC to DC converters inside, and power supply fluctuations appeared at the BEM detected output. Special filtering on the power supply input lines was used to avoid susceptibility at low frequencies.
Conclusions
Back End Modules at 30 and 44 GHz for Planck Low Frequency Instrument have been designed, manufactured and tested. They have successfully fulfilled the electrical, mechanical and environmental requirements of Planck satellite mission. Qualification model units and Flight Model units have demonstrated the compliance with the required performances.
